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Description 

BORDETELLA PERTUSSIS VACCINE 

FI This1n?entSS n e S to a vaccine for protection against whooping cough which comprises ; prote encode^ 
by a B. pertussis toxin coding sequence containing an entire or truncated B. pertussis toxin Slsuburat amino 
acid coding sequ ence which contains a modification of the tryptophan residue at amino acid position 26. 

Background of the Invention mm™ ♦„ 

Whooping Cough, or pertus sis, is a highly infectious disease which primarily affects children. In addition to 
causing respiratory complications, whooping cough may result in nerve damage and high mortality, particularly 
in children in low socioeconomic groups and in newborn infants without maternal anb-pertussis^antibod^ 
The etlologlc agent of pertussis Is the gram negative coccobacillus known as Bordetella pertussis. The 
bacteria is believed to invade the respiratory tract and induce a toxic state which remains even after the 
15 disappearance of the bacteria. * *u« 

Although world health organizations presently recommend the immunization of infants to prevent the 
incidence and spread of pertussis, great concern has arisen over the negative effects of various available 
vaccine forms, i.e.. the-toxicity of conventional B. pertussis vaccine formulations causes side effects which 
van, from simple flushing to^rmaiTent neurological damage and/or death. Consequen «y ' 
20 conventional B pertussis vaccines has resulted in a large Increase in the number of the Incidence of pertussis 

Ca The current conventional pertussis vaccine contains whole but inactivated B pert ussis ^g^ms^Such 
organisms are rendered nonviable after treatment at 56° C for 30 minutes and/or treatment with forma Uehyfe 
However, since the bacteria are not subjected to any further detoxification treatment, any tox^ substance 
25 which can withstand the elevated temperature is included In the vaccine. 

substances causes recipients of the the conventional vaccine to experience side effects which vary from 
simple flushing to permanent neurological damage and/or death. _ 

Another available pertussis vaccine is prepared from the supernatant of B. pertussis cutture media. 
However, variabilities in cultivation allow the final composition of the microorganisms to vary. Furthermore, the 
30 inactivating agents, gluteraldehyde or formaldehyde, occasionally lead to aggregated materials wh.ch are 
subject to conversion to active toxic substances. 

Alternate available pertussis vaccines are prepared from avirulent or toxin deficient strains of B.pe^ss,s . 
However, these vaccines have proven to be much less protective than those prepared from virulent strains. 
[See, e.g.. Wardlaw et al., J. Med. Microbiol - 9:89-100 (1976)]. 

To avoid the side effects caused by whole cell vaccines, research turned to the nvestigatlon of the , ox c 
components of the B. pertussis bacteria. One important component ,s pertuss.s toxin a pro te n , exotoxin 
which plays a major role in the pathogenesis of whooping cough and ,s believe d to be P^Sjg 
antigen of B. pertussis. Pertussis toxin is a hexameric protein composed of nve d.ss milar subunits called SI 
through S 5 according t o their decreasing molecular weights. Pertussis toxrn ,s structured nr an i A-B I model in 
S the B-oligomer (subunits S2 through S5) is responsible for the binding of the toxin to .ts receptor in the 
target cell membranes, and the A-protomer (subunit S1) contains enzymatic actM ^„_. .. a „, nst 
Studies with mice have shown that the administration of pertussis tof a^ne provided protection against 
challenae with B. pertussis. [See. JJ. Munoz et al.. Infect. Immun .. 32:243-250 (1981)]. 
r. . ^al -feclikTAcids Research 14 (AT3251-3261, (1986). discuss the cloning of a DNA fragment 
45 from the B. plrtirssis toxin gene containing at least subunit S4 and a portion of another subunit gene 

Nicosi a et al.. Proc . Natl. Acad. Scl. USA . 83:4631-4635 (1986), discuss the cloning and sequencing of a 4.7 
kb DNA friglrTent containing genes coding for the five pertussis toxin subunits. 
C Locht etjal_ Science 232 :1258-1264 (1986), determined the DNA sequence and deduced the protein 

T^J& ^J^tS ^ (1987). discuss the expression of J^- 
subunit genilF E.coli using plasmi ds encoding subunits S1 and S2 as proteins with minimal fus ons to the 
amino terminal risidUis of beta-galactosldase. The expressed 31 polypeptides from these ^plasmids ; aH 
contained the six amino terminal arrilno acids from beta-galactosldase followed by five amino acids encoded 

by E a ffo P Ss"to k detoxify pertussis toxin and exploit its immunoprotective potential have bee n M™?^ 
treatment with formaldehyde, thimerosal [See, WHO Expert Committee on B.ologlc d Standard zat.on, 
"Requirements for pertussis vaccine" ■ Tech. Rep. Ser .. 638:60 (1979)]. or glutaraldehyde , [See Re^lAEJH. 
and Ben-Efralm, S., Meth. Enzymol. 93 :24 (1983)]. However, efficiency of such treatment is not always 
reproducible and reversions are common. , .. . rQC . „ 

United States Patent Application S.N. 874.637, titled "Novel Method of Preparing Toxoid . discloses a ft 
pertussis vaccine containing pertussis toxin inactivated by an oxidizing agent such as hydrogen peroxide. The 
resulting composition is a chemically irreversible antigen which is non-toxic, stable, .mmunogemc and 
protective against pertussis infection. 
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Keith et al., United States Patent Application Serial Number 843,727, filed March 25, 1986, describe a 
pertussis toxin gene or portions thereof useful for cloning and expression in the production of pure antigen 
peptide which co-migrates as a major band with subunit S4 of the pertussis toxin, for use in a vaccine. 

C Locht et al., Infection and Immunity . 55 (11):2546-2553 (Nov. 1987). discloses the expression of the SI 
and S2 subunits of pertussis toxin in E. coll . The recombinant S1 subunit contained the enzymatic NAD 5 
glycohydrolase and ADP-ribosyltransferase activities. A truncated version of the S1 subunit is described in 
which the 48 carboxy terminal amino acid residues were deleted. _ 

W J Black et al.. Infection and Immunity , 55(10) 2465-2470 (Oct. 1987), introduced mutations in the cloned 
pertussis toxlngine by allelic exchange into the chromosome of B. pertussis . A series of B. pertussis strains • 
were isolated which were isogenic. One of the plasmids which was transformed Into E. coll contained all the w 
genes for subunits S2, S3. S4 and S5 and only a portion of the gene for subunit S1 . A truncated S1 subunit was 
formed in the absence of an S5 subunit in another mutation of the toxin gene. 

Solavo SpA, : European Patent Application Publication Number 232,229. published August 12, 1987, 
discloses the cloning and expression of B. pertussis toxin encoding DNA having 4696 base pairs and 
containing the S1 through S5 subunits of the toxin. 

J T Barbieri et al.. Infection and Immunity . 55(51:1321-1323 (May 1987). disclose the expression of the S1 
subunit of the pertussis toxin as a fusion protein in a strain of, E. coll ^deficient in protein degradation. This 
protein contains the first six amino acids of beta-galactosidase and 5 amino acids from the pUC18 polylinker 
followed by amino acids 2-235 of the S1 subunit. Expression of the fusion protein is controlled by the 
beta-galactosidase promoter. • • 

A Nicosia et al., Infection and Immunity . 55(4) :963-967 (April 1987). disclose expression of the five subunits 
of B pertussliTs-fusion proteins in ILcoli and the production of pojyvalent sera against them. • . . 

Institut Paste ur PCT Patent App!ica«on"Publication Number W08703301 , published June 4, 1987. disclose . 
recombinant phages containing B. pertussis DNA for production of whooping cough vaccines. The expression . 
products are fusion proteins with the characteristics of adenylatecyclase, leucocytosis promoting factor, and 25 
FHA The products are encapsidated in lambda phage capsids to obtain recombinant phages- 

J Riser et al., In Vaccines 86 : New Approaches to Immunization, F. Brown eta}., Eds. Cold Spnng Harbour t 
UboratoryTpages 235-238 (1986), describe the initial characterization of an E. coli clone after cloning of an 
antigenic determinant specific for the pertussis toxin polypeptide S2. 

Burnette et al., Biotechnology. 6. 699-708 (1988). discuss the subcloning and direct expression of the 
Individual subunits of B. pertussis in E. coli . ^ u • r» . 

There remains a continuing need for effective and safe vaccines against infection caused by B. pertussis. 
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SUMMARY OF THE INVENTION 35 

The present invention relates to a B. pertussis toxin coding sequence containing an entire or truncated B. 
p ertussis toxin S1 subunit amino acid coding sequence provided that (a) the S1 subunit coding sequence 
contains a modification of the tryptophan residue at amino acid position 26 (hereinafter Trp-26 ). and (b) the 
Trp-26 modification results in substantially inactivated S1 enzymatic activity in the protein encoded by the B. 
pertussis toxin coding sequence but such protein has retained the capacity to be recogn zed by anti-pertussis 
toxin anti bodies. This Invention also relates to a recombinant DNA molecule containing the coding sequence 

° f A^'VSIwembodiment of the invention, there is provided a recombinant DNA plasmid comprising the 
coding sequence of this Invention. This plasmid preferably contains the above codtag sequence In operative 
association with suitable expression control sequences. By 'suitable expression controrsequences s meant 
those sequences which are required to enable expression of the coding sequence of this Invention by a 
suitable host cell into which the plasmid of this Invention is introduced. Such expression control sequences 
are well known in the art. . „ 

Another aspect of the invention is a method of producing a transformed host cell which compnses 
transforming a desired host cell with the plasmid of the invention. „ e ..»h^-# 

Still a further aspect of this invention is a host cell transformed with the plasmid of this invention. Such host 
cell is capable of growth in a suitable culture medium and expressing the coding sequence of this invention 

Yet a further aspect of the invention Involves a method for producing the protein of the invention which 
comprises culturing the transformed host of the invention in a suitable culture medium and isolating the 
protein so produced. The present invention also relates to the protein encoded by the coding sequence of this 

Another embodiment of the invention is a vaccine for stimulating protection against whooping cough, 
wherein such vaccine comprises an immunoprotective and non-toxic amount of the protein of the invention. 
Such vaccine may comprise such protein alone or in conjunction with other antigens and/or adjuvants. By the 
term immunoprotective amount 1 is meant an amount of any protein of this invention which will elicit a sufficient 
protective immune response against pertussis after such amount of such protein Is administered to a human 

h Tn addition, the present invention also provides a method for inoculating a human against whooping cough 
which comprises administering the vaccine of this invention to such human. 
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Another embodiment of this invention is a process for producing the protein encoded by a Bordeteila 
pertussis toxin amino acid coding sequence containing an entire or truncated B. pertussis toxin SI subunit 
amino acid coding sequence provided that (a) the S1 subunit coding sequence contains a modification of the 
tryptophan residue at amino acid position 26 (hereinafter -Trp-26"). and (b) the Trp-26 modification results in 

5 substantially inactivated 81 enzymatic activity in the protein encoded by the B. pertussis toxin operon amino 
acid coding sequence but such protein has retained the capacity to be recognized by anti-pertussis toxin 
antibodies, wherein such process comprises (i) treating a Bordetella pertussis toxin amino acid coding 
sequence, prepared by isolation from native B. pertussis DNA or by synthetic or recombinant DNA techniques, 
containing an entire or truncated B. pertussis toxin S1 subunit amino acid coding sequence provided that the 

10 S1 subunit coding sequence does not already contain a modification of the tryptophan residue at amino acid 
position 26. with site-directed mutagenesis, a tryptophan modifying chemical reagent or photooxidation to 
produce a modification or deletion of the tryptophan residue at amino acid position 26, and transforming a 
desired host cell with a plasmid containing such resulting coding sequence and culturing such host in suitable 
culture medium and isolating the protein so produced, (ii) substituting or deleting the tryptophan residue at 

15 position 26 of the S1 subunit of a Bordetella pertussis toxin amino acid coding sequence, prepared by isolation 
from native B. pertussis DNA or by synthetic or recombinant DNA techniques, containing an entire or 
truncated B pertussis toxin S1 subunit amino acid coding sequence with another amino acid, and 
transforming a desired host cell with a plasmid containing such resulting coding sequence and culturing such 
host In suitable culture medium and isolating the protein so produced, or (Hi) preparing such coding sequence 

20 by synthetic methods and transforming a desired host cell with a plasmid containing such coding sequence 
and culturing such host in suitable culture medium and Isolating the protein so produced. This invention also 
relates to the protein produced by such process, a vaccine for stimulating protection against whooping cough 
wherein such vaccine comprises an immunoprotective and non- toxic quantity of such protein, and a method 
for innoculating a human against subsequent whooping cough which comprises administering the vaccine to 

25 S ?further aspect of this invention is a B. pertussis strain in which the chromosomal pertussis toxin gene is 
inactivated, wherein such strain contains the recombinant DNA molecule of this invention. Another 
embodiment of the Invention is a whole cell vaccine for stimulating protection against whooping cough, 
wherein such vaccine comprises an immunoprotective and non-toxic amount of the strain of the "nventton 

30 Such vaccine may comprise such strain alone or In conjunction with other antigens and/or adjuvants. Still 
another aspect of this invention relates to a method for innoculating a human against subsequent whooping 
cough which comprises administering the vaccine to such human. 

Other aspects and advantages of the present invention will be disclosed In the following detailed description 
of the presently preferred embodiment thereof. 
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DETAILED DESCRIPTION OF THE INVENTION 



• The present invention is based on the the discovery that modification of the naturally occurring tryptophan 

40 amino add residue at position 26 of the S1 subunit of the pertussis toxin coding sequence greatly reduces the 
toxicity of pertussis toxin while retaining its ability to elicit a protective immunogenic response. 

Pertussis toxin is a protein exotoxin of B. pertussis which plays a major role in the pathogenests of 
whooping cough and Is believed to be the major protective antigen of B. pertussis. [See A.A Weiss etjaJL fmr^ 
Rev Microbiol 40:661 (1986)]. Pertussis toxin is a hexamerlc protein composed of five.disslmllar subunits 

45 called S1 through~S5 according to their decrea sing molecular weights. [See M. Tamura Biochem . 
21-5516 (1982)1 Pertussis toxin is structured in an A-B model in which the B-oligomer (subunits S2 through 
S5) is responsible for the binding of the toxin to its receptor In the target cell membranes, and the A-protomer 
(S1 subunit) contains enzymatic activity. . „ n Ax nn 

It has now been found that due to the Trp-26 modification of the S1 subunit contained by the coding 

50 seguence of this invention, the coding sequence encodes a protein which has substantially reactivated SI 
subunit enzymatic activity. The normal S1 subunit enzymatic activity contributes to the toxicity of a vanety of B. 
pertussis vaccines containing pertussis toxin or S1 subunit protein. Such enzymatic activity ino udes 
NAD-glyc ohydrolysis or ADP-ribosyltransfer. Thus, the vaccine of this invention has no such toxicity problems. 
Additionally, such inactivation of the S1 subunit enzymatic activity nevertheless allows the protein derived from 

55 the coding sequence of this Invention to retain recognition by anti-pertussis toxin antibodies. 

The present invention thus describes a B. pertussis toxin amino acid coding sequence containing an entire 
or truncated B . pertussis toxin S1 subunit amino acid coding sequence provided that (a) the 81 subunit coding 
sequence contains a modification of the tryptophan residue at amino acid position 26 (hereinafter Trp-Z6 ), 
and (b) the Trp-26 modification results in substantially inactivated S1 subunit enzymatic activity in the protein 

60 encoded by the B . pertussis toxin coding sequence but such protein retains the capacity to be recognized by 
anti-pertussis toxin antibodies. This Invention also describes a recombinant DNA molecule comprising tne 
coding sequence of this invention in addition to the B. pertussis toxin amino acid coding sequence ot this 
invention, the recombinant DNA mole cule of the invention may comprise additional DNA sequences, 
including, e.g.. a regulatory element, one or more selection markers, and replication and maintainance 

65 functions. 
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By the term "B. p ertussis toxin coding sequence" as used in the descript.on of the coding sequence of this 
invention is me ant the entir e B. pertussis toxin operon or any functional truncated fragment thereof wh ch 
MntainTan entirYor truncate d B. pertuss is toxin S1 subunlt amino acid coding sequence provided that (a the 
ITSn? cod ng sequence contains a m odification at Trp-26. and (b) the Trp-26 modification results in 
2 b8 SSy?nSliSl S1 subunit enzymatic activity in the protein encoded by the B. pertussis tox.n coding 
sequence b ut SUC h protein retains the capacity to be recognized by anti-pertussis toxin ant.bod.es. By the 
te^-B pertussis toxin coding sequence" as used in the description of the coding sequence o th.s invent o n 
raTsoln-eWiSylunctional fusion protein coding sequence comprising (i) the entire ^^' g^g*g 
sequence or any functional truncated fragment thereof which containsan entire ^""^^Bjejt^ toxin 
S1 subunlt coding sequence, and (ii) any other protein coding sequence, provided that a) h .81 subunrt 
coding sequence contains a modification at Trp-26, and (b) the Trp-26 modification results In substantially 
inactivated S1 subunit enzymatic activity in the protein encoded by the B. pertussis toxin coding sequence but 
such protein retains the capacity to be recognized by anti-pertussis toxin ant.bod.es. By the term fcnrtonal 
is meant any B. pertussis toxin coding sequence which encodes a prote.n which will e.ther be sufficient^ 
recognizable by anti-pertu ssis toxin antibodies to be useful in a diagnostic assay for B. pertussis, and/or w.n 
elicit a sufficient protective Immune response against pertussis after an immunoprotective amount of such 

Pr °Prtfe^ 

toxin operon co mprising only the B. pertussis toxin S1 subunit amino acid coding sequence or a truncated 
porJon thereof. Other preferred embodiments of the B. pertussis tox.n ammo acid coding sequence of this 
invention Include tie complete B. pertussis operon, or the coding sequence of any subunit thereof e.ther alone 
o7in Sunction with one or s ever* other s ubunits: Another preferred embodiment of the cod.ng sequence of • 
5s iSS is one m which also contains a modification of the glutamic acid residue at amino acd position 

1 ^.et^ P^ssis toxin operon has been determined. See. e g Keith. , 25 

etJ UntdSe?Patent Application Serial No. (U.SS.N.) 843,727. filed March 26, 1986. the entire disclosure, 
omichTs hereby incorporated by reference. Furthermore, DNA centring the pertussis tox.n coding 
sequence may be isolated from any publicly available B. pertussfe strain. For example, various slrains of B, 
^SiJubU available fromcomme^ 

hockville, Maryland, U.SA Such Isolation may be effected by the method of Keith, etaL. U.S.S.N. 843.727, 
suDra or anv other conventional method. . 

Modification of the Trp-26 residue of the S1 subunit portion of the coding sequence of th.s invent.on may be 
effected in a variety of ways utilizing conventional techniques. 

For eximpirone method of alteration of the Trp-26 residue is by use of a tryptophan (Trp) modifying 
chemicrreagen^ Such as ^hydroxy-S-nrtrobenzyl bromide (HNBB). In one embodiment of the inven .on the 
caSc domain for the NAD-glycohydrolase and ADP-ribosyltransferase activities of the pertuss.s tox.n S1 
sS te^ 

gen^s ^ for this catalytic domain. This purified polypeptide was treated with a tryptophan modifying 
Kical reagent (HNBB) to produce a modification of the Trp-26 residue. When the V^^^O 
fromthe HNBB treatmen was subsequently assayed for its S1 enzymatic actwit.es, it was determined that it 
hrnr S uch activities, i.e., both NAD-glycohydrolase and ADP-ribosyltransferase actrvit.es were abolished as 

m S^^ reagents which can be employed to effect modification ofthe 

Trp-26 residue include, but are not limited to. N-Bromosuccinimide (See. e.g Spande "-^^l*™' 
Math Enzymol.. 11 :522). H 2 0 2 , performic acid, sulfenyl halides (See. e.g.. Seolfone, E Fontana, A. & _Roccku 
R 1^8 S hTmlstry , 7:971), 2-nitrophenylsulfenyl chloride. 2.4-dinitrophenylsulfenyl chloride, and 

^Sner^s^ 

the codon for that residue in the gene coding for S1 subunit by conventional site-directed mutagenesis. One 
exaSof performance of site directed mutagenesis on an exemplary construct of the coding sequence 
o?Ss P Tn?entron P !n thTform of an S1 subunit gene is described in Example 5. For example the S1 subumt 
coding sequence was subcloned into an M13 vector so that expression of this sequence could be produced n 
E. coli transformed by the recombinant M13 vector. The Trp-26 residue was then deleted °/ changed to 
mTionlne (Thr) . by site directed mutagenesis. Other vector constructs of the invention may be conventionaily 
desianed by one of skill in the art to perform such site-directed mutagenesis at the Trp-26 site. 

A? Stemative method for modification of the tryptophan residue at posrtion 26 of the SI subunlt coding 
sequence to create the coding sequence of the invention includes the deletion of the T p-26 residue and its 
ubstitutlon by threonine (Thr) by conventional genetic engineering techn ^fj™^*"^ J» 
other suitable amino acid residues. Other suitable substitute amino acids include but are not limited to 
gutamlne (Gin), tyrosine (Tyr) and phenylalanine (phe). A Trp-26 to Gin change is a more consem^e 
replacement in terms of secondary structure propensity. A Trp to Tyr change may maintain «n lntem»dlate 
pXity characteristic, while a Trp to Phe change maintains the aromatic nng. The modlfied c ^^' e c ^°^ 
resemble the natural molecule as much as possible, therefore one would like a very smiilar secondary 
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structure hydrophobic^ profile and proportion of aromatic amino acids. Any other amino acid substitutions 
may be considered provided that the substitution results in the creation of a coding sequence encoding a 
protein with substantially inactivated St enzymatic activity and retention of the anti-B. pertussis toxin antibody 

5 ^^wiUio acid coding sequence of this invention may also be produced (a) synthetically, using 
conventional DNA synthesis techniques, or (b) by other chemical modification methods using conventional 
chemical modification techniques. 

Additionally, by employing conventional genetic engineering techniques, the coding sequence of this 
invention may be in the form of any truncated version of the pertussis toxin operon containing the Trp-26 
w modification, or in the form of a truncated version of the S1 subunit coding sequence containing only the 
codons for amino acids 2 through 187 of the St subunit coding sequence including the Trp-26 modification, or 
alternatively, the coding sequence of this invention may contain any truncated portion of the S1 subunit coding 
sequence including the Trp-26 modification. - >— - 

Furthermore, the coding sequence of this invention may be in the form of a double mutant, i.e., a coding 
15 sequence containing both a Trp-26 modification as well as a modification of another amino acid residue in the 
S1 subunit provided that the protein encoded by such coding sequence retains the capacity to be recognized 
by anti-pertussis toxin antibodies. Preferably, the protein encoded by such coding sequence also exhibits a 
decrease in S1 subunit enzymatic activity. Examples of such additional modifications which may be employed 
include but are not limited to, modification of the glutamic acid residue at amino acid position 129 of the SI 
20 subunit coding sequence (Glu-129) ; modification of the histidine residue at amino acid position 35 of the SI 
subunit coding sequence (His^35); modification of the arginine residue at amino acid position 9 of the SI 
subunit coding sequence (Arg-9) and modification of the serine residue at amino acid position 40 of the SI 
subunit coding sequence (Ser-40). Modification of the glutamic acid residue may be effected by conventional 
techniques such as those referred to supra . See, also, Example 13, infra, and Pizza eta!., Proc. Natl. Acad. Sci. 
25 USA:85, 7521-7525 (1988). t a t . 

"Moreover the coding sequence of the invention may appear in the form of a fusion protein coding sequence 
comprising the B. pertussis toxin amino acid coding sequence fused to at least one other coding sequence, 
such as. but not limited to. a pertussis toxin derived coding sequence and/or a non-pertussis toxin derived 
coding sequence. For example, such fusion protein may comprise all or part of the S1 subunit coding 
30 sequence including the Trp-26 modification fused to all or a portion of the S2 subunit coding sequence and/or 
the S3 subunit coding sequence and/or the S4 subunit coding sequence and/or the S5 subunit coding 
sequence. Such fusion protein may also comprise all or part of the S1 subunit coding sequence including the 
Trp-26 modification fused to other antigens of B. pertussis or other antigens such as. but not limited to, 
Diphtheria antigens and/or Tetanus antigens and/or Haemophilus influenzae antigens. An example of a fusion 
protein coding sequence of this invention is the one described in the examples which contains the following 
sequence: 
Sequence: 
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ATG ACC ATG ATT ACG AAT TCG AGC TCG GTA CCC GGG GAT 
(Met) Thr Met He Thr Asn Ser Ser Sec Val Pro Gly Asp 
beta-galactosidase p.olylinker ___2 

SI 



50 CCT CCC GCC ACC GTA GTA GCG TCG ATC CTC TAG 

Pro Pro Ala Thr Val Val Ala Ser He Leu Stop 

3 4 5 6 7 184 185 186 187 polylinker 

55 SI 

Other coding sequences of this invention which are in the form of a fusion protein can be conventionally 
designed and prepared by one of skill in the art. 

60 Furthermore, the above Trp-26 modified S1 truncated fragment can be associated with other sequences or 
the wild-type pertussis toxin operon such as any other of the S2-S5 subunit coding sequences alone or in 
conjunction with one or more of the S2 through S5 subunits coding sequences. Alternatively, a complete B. 
pertussis toxin coding sequence may be generated containing (a) the above Trp-26 modified S1 truncated 
fragment replacing the naturally occurring S1 cistron or, (b) a complete S1 subunit cistron containing only the 

65 Trp 26 modification or some other fragment containing such a Trp-26 modification in association with other 
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StHI a further aspect of this invention Is a host cell transformed with the plasmid of this invention. Such host 
cM\ is enable of growth in a suitable culture medium and expressing the coding sequence of the invention. 
Su" h STS to Prepared by the method of this invention, i.e.. transforming a desired host eel with the 
olasmid of the invention. Such transformation is accomplished by utilizing convent.onal transformation 
techniques. The most preferred host cells include those belonging to the species EcolL and the genus 
Bordetella Other host cells which may be suitable include, but are not limited to, mammalian ce Is, Insect cells, 
other bact erial cells and yeast cells. Thus, this Invention is not limited to any specific host <»■■■ 

The present Invention also relates to a method of producing the protein encoded by the coding sequence of 
this invention which comprises culturing the transformed host of the invent on in ^P^P^ c u"ure media 
and isolating such protein. By 'appropriate culture media' is meant that media which will enabled he 
transformed host to grow and which will also enable such host to express the coding sequence of the 
nvention in recoverable quantity. It will be appreciated by one of skill in the art that the appropriate culture 
Sto use will depend upon the host cell employed. The isolation of the protein so producec is 
accomplished from a culture lysate of the host or, if appropriate, directly from the host's culture medium, and 
is carried out by conventional protein isolation techniques. _ 

Thus in view of the above description, another embodiment of this invention Is a process for producing the 
orotein encoded by a Bordetella pertussis toxin amino acid coding sequence containing an entire or truncated 
B pertussis toxin S1 subunit amino acid c oding sequence provided that (a) _the S1 subunit coding sequence 
conCs a m odification of the tryptophan residue at amino acid position 26 (hereinafter ;Trp-26") and (b) the 
Trp-26 modification results In substantially inactivated S1 enzymatic activity in the protein encoded by the Bl 
peS toxin operon amino acid coding sequence but such protein has 

fcoSHiFed by anti-pertussis toxin antibodies, wherein such process compnses (.) treating a Borde eHa 
pertussis toxin amino acid coding sequence, prepared by isolation from nattve B. pertussis DNA or by 
gnS recombinant DNA techniques, containing an entire or truncated B. pertuas* toxin 81 subunit 
S acid coding sequence, provided that the S1 subunit coding sequence does not already contain a 
rnoSteation of the tryptophan residue at amino acid position 26. with site-directed mutagenesis, a tryptophan 
SESl Sgent or photooxidation to produce a modification or deletion of the tryptophan residue 
at arE acid I position 26. and transforming a desired host cell with a plasmid containing such resulting coding 
feSce and cutturing such host in suttable culture medium and isolating the protein so produced, ( ) 30 
subsSgTr deling the tryptophan residue at position 26 of the S1 subunit of a Bordetella pertussis oxhi 
amino add coding sequence, prepared by isolation from native B. pertussis DNA or by synthetic or 
recombSt DNA techniques, containing an entire or truncated B. pertussis tox.n S1 subunit am.no acd 
coS sequence with another amino acid, and transforming a desired host cel. with a plasmid containing such 
resultfng coding sequence and culturing such host in suitable culture medium and isolatmg the iprotan: so 
oroduced or (Hi) preparing such coding sequence by synthetic methods and transforming a desired host cell 

resulting coding sequence and culturing such host in ^^^" ur ^ s ^ 
and isolating the protein so produced. This invention also relates to the protein produced by such process a 
vSe or stimulating protection against whooping cough wherein such vaccine compnses an 
Tmunoprotective and L toxic quantity of such protein, and a method lor innoculating a human against 
subseauent whooping cough which comprises administering the vaccine. 

Tnelnvention also encompasses a vaccine capable of inducing immunity aga nst pertussis. Such vaccine 
co^rises an immunoprotective and non-toxic amount of the protein of the invenhon regardless of the method 
ol ?p^epamtton of such protein. Such vaccine preferably contains 5-25 ug of the protein of this invention, but Is 

n °o2^ to be desirably administered In conjuncti^pertussis todr .may *so 

be included in the vaccines. Such additional components are known to those of skill in the art. Preferabe 
addiTo^ 

(FHA) and/or any other protective antigen of B. pertussis . ».,„«, „,o«,«ri t«r 

The provision of such a vaccine thus allows another aspect of the presen Invention. Le a method for 
immunEing a human against pertussis which comprises administering the vaccine of the subject invention to 

SU The h modeof administration of the vaccine of the invention may be any suitable route which delivers an 
imlnoprote? i£™ount of the protein of the subject invention to the host. However the vaccine \s 
preferably administered parenteral^ via the intramuscular or deep subcutaneous routes. Other modes c* 
administration may also be employed, where desired, such as oral administration or via other parenteral 

routes, i.e., intradermal^, intranasally, or Intravenously. M „ ta i„i nn an 

The vaccine of the invention may be prepared as a pharmaceutic* compos ition containing an 
immunoprotective. non-toxic amount of the protein of the invention In a nontoxic and stenle P^^"^ 
acceptable carrier. Where the administration of the vaccine is parenteral, the P rote,n <^ h £l^ 
optionally admixed or absorbed with any conventional adjuvant, for use as a non-specific irritant to attract or 
enhance an immune response. Such adjuvants Include, among ^^ urt ™ m ,^*' 
phosphate, muramyl dlpeptlde and saponins, such as Qui! A. As a further exemplary alternative of the 
Preparation of the vaccine of the invention, the protein of the invention can be encapsula d I w thin 
microparticles, such as liposomes. In yet another exemplary alternative of the preparation of the vaccine of the 
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invention, the protein of the invention can be administered with an immunostimulating macromolecule, or a 
tetanus toxoid. Alternatively, an aqueous suspension or solution containing the protein of the invention 
preferably buffered at physiological pH, may be designed for oral Ingestion. 
It is preferred that the vaccine of the invention, when in a pharmaceutical preparation, be present in unit 
5 dosage forms. The appropriate therapeutically effective dose can be determined readily by those of skill in the 
art. The effective amount of protein contained in the vaccine of this invention may be In the range of the 
effective amounts of antigen in conventional B. pertussis acellular or component vaccines, i.e., 5-25 u.g of 
protein. This dose may optionally be delivered with various amounts of filamentous haemagglutinin (FHA) 
(about 10 ug-25 ug) and/or agglutinogens or other antigens. It will be understood, however, that the specific 

10 dose level for any particular patient will depend upon a variety of factors including the age, general health, sex, 
and diet of the patient; the time of administration; the route of administration; synergistic effects with any other 
drugs being administered; and the degree of protection being sought. Of course, the administration can be 
repeated at suitable intervals if necessary. Preferably, three doses will be administered, with 3 to 12 months . 
intervals between each dose, with an optional booster dose later in time. 

15 A further aspect of this Invention is a B. pertussis strain In which the chromosomal pertussis toxin gene is 
inactivated, wherein such strain contains the recombinant DNA molecule of this invention. ' Another 
embodiment of the invention is a whole cell vaccine for stimulating protection against whooping cough, 
wherein such vaccine comprises an Immunoprotectiye and hon -toxic amount of the strain of the invention. 
Such vaccine may comprise such strain alone or in conjunction' with other antigens and/or adjuvants. Still 

20 another aspect of this invention relates to a method for innoculating a human against subsequent whooping 
cough which comprises administering the vaccine to such human. Any strain of B. pertussis which contains / 
the chromosomal pertussis gene may be employed as the starting material for preparing the strain of the 
subject invention. Numerous suitable strains of B. pertussis are publicly available from various repositories 
such as the American Type Culture Collection, Rockville, Maryland, U.S.A. The preparation of the strain my be 

25 carried out by conventional techniques. For example, to prepare the strain of the subject invention, the 
chromosomal pertussis toxin gene is inactivated by conventional techniques, such as by deletion, point or 
insertion mutation, and the recombinant DNA molecule of this invention is transformed into such strain by 
conventional techniques. It is preferable to use a B. pertussis strain in which the chromosomal toxin gene is 
deleted, rather than inactivated by point or insertion mutations. Inactivation of the gene through point or 

30 insertion mutations does not eliminate DNA sequences that have the potential of recombining in vivo with the 
DNA coding for the mutated pertussis toxin on a autonomously replicating plasmid. On the other hand, in a 
pertussis toxin gene deletion mutant, no such recombi nation can occur. The resulting B. pertussis strain is. 
then transformed with the recombinant DNA molecule of this invention to result in the strain of this invention. It 
is preferable if such recombinant DNA molecule is comprised by the plasmid of this invention. Such 

35 recombinant DNA molecule may be integrated into the chromosome of the host cell or, if in the form of a 
plasmid, may be maintained episomally. After such recombinant DNA molecule are introduced, the resulting B. 
pertussis strain may be used to produce the mutated pertussis toxin protein of this invention. Alternatively, 
after such recombinant DNA molecule is introduced, such strain may now be used to prepare a whole cell 
vaccine against pertussis. Preparation of such a whole cell vaccine Is accomplished by conventional 

40 techniques. 

The provision of such a vaccine thus allows another aspect of the present invention, i.e.. a method for 
immunizing a human against pertussis which comprises administering the vaccine of the subject Invention to 
such human. 

The mode of administration of the vaccine of the invention may be any suitable route which delivers an 
45 immunoprotective amount of the strain of the subject invention to the host. However, the vaccine is preferably 
administered parenterally via the intramuscular or deep subcutaneous routes. Other modes of administration 
may also be employed, where desired, such as oral administration or via other parenteral routes, i.e., 
intradermal^, intranasal ly or intravenously. 
The appropriate immunoprotective and non-toxic dose of such vaccine can be determined readily by those 
50 of skill in the art i.e., the appropriate immunoprotective and non-toxic amount of the strain of this invention 
contained in the vaccine of this invention may be in the range of the effective amounts of antigen in 
conventional B. pertussis whole cell vaccines. This dose may optionally be delivered with various amounts of 
filamentous haemagglutinin (FHA) (about 10 ug-25 ug) and/or agglutinogens or other antigens. It will be 
understood, however, that the specific dose level for any particular patient will depend upon a variety of factors 
55 including the age, general health, sex, and diet of the patient; the time of administration; the route of 
administration; synergistic effects with any other drugs being administered; and the degree of protection 
being sought. Of course, the administration can be repeated at suitable intervals if necessary. Preferably, three 
doses will be administered, with 3 to 12 months intervals between each dose, with an optional booster dose 
later in time. 

60 

EXAMPLES 

The following examples illustrate the preparation of the coding sequence, vector, transformed host and 
65 protein of the invention; antigenic activity of the protein; and preparation of the vaccine of the invention. These 



8 



EP 0 352 250 A2 

examDles are illustrative in nature and are not intended to limit the scope of this invention. 
TSlXfiSSSl.. a" temperatures are In degrees Centigrade (Celsius). The enzymes used ,r . DNA 
manipulations were obtained from Boehringer (Mannheim, West Germany) and Amersham (Amersham, 
England), and were employed according to the supplier's directions. 

In the following examples, the following abbreviations may be employed: 
YT medium: 8 grams/liter (g/l) Tryptone. 5 g/l NaCI. 5g/l yeast extract ■ 
Tris-HCI 1 M stock solution : 121,1 g/l Trizma base + HCI until pH reaches desired value (example 7.5). 
LB medium (pH 7.5): Tryptone 10 g/l; yeast extract 5 g/l; NaCI 10 g/l 

ExamDle 1 Construction of expr ession vector pRIT20001 encoding S1 sub unit-related protein 
EX y!f,J r "."Hh Cri Tn ,nr.ht C. et al.. Nucleic Acids Res ., 14.3251 (19BB). was digested into 
fragments Z Sau3a. The fragments were reiolved by polyacrylamide gel 

to the method ofManiatis et al., Molecular Cloning. A Laboratory Manual , Cold Spring Harbor NY, (1982). A 
m b^fpair <M fragme-STwas purified and inserted Into the repl.cative form of M13mp18 previously 
dtisted w^th BamHI. M13m P 18 is described in Messing. J. Methods Enzymol. 10V 20-78, (1983 and was 
obtained from-§Ithe S da Research Laboratories, Bethesda, Maryland. l^o» TG1 cells, obtained from 
Amersham International PLC. Amersham. United Kingdom, were transformed with the replicative form of the 
re^mbSi phages according to the technique of Maniatis etaL, supra. After transformat.cn and overnight 
ncTatSn .the phages were analyzed for the presence* the 560 bp , insert by DNA sequencing according to 

«,o+K«r4 nf Qannpr et al Proc Natl Acad. Sc., U.S.A., 74,. 5463-5467, (1977). 
* e 0™p*w ^LSglif ^ bp insert was purified and was n amed pRFI2«»1. It was determined that the 
SlsubSnrt-reSed protein encoded by pRIT20001-Wa-s identical to *S1d, the S1 subun.t-related.. protein 
encodS by pTXSl 1 as described in Locht et al.. .rifect. Immun. . 55;2546 (1987), the entire disclosure of wh ch 
S ; neVeby iniorpo rated herein by referenced this construct, i.e.. pRIT20001 the six amlno-termina. amino 
iids am thefiret six amino acids from beta-galactosidase. They are followed by five amino acids encoded by 
Se DoWnker sSuence in the M13mp18 cloning vector, after which residues 2 to 87 of the pertussis toxin 31 
^S^S^SSS^M are present. Finally a Leu residue is encoded by the poly.inker and a Stop codon is 
provided. This gives the following sequence for the S1 subunit-related protein: 

ExamDle 2 Svnthesls of SI related p rotein in E. coli using p RIT20001 

^5 mtof an wernlght culture of E. coli IG1 cells were inoculated In 1U0 ml YT medkim. and were : thereafter 
infected Sth 1^^0^20001 , prip^rid as described In Example 1. or M13m P 18 phage stock. The .nfected 
S were grow? under constant shaking at 37° until the Optical Density (OD reached 03. 'soP^;beta- 
D-galar p ?ranoside (IPTG) was then added to the cells to a final concentration of 1 > ^> 
continued for4 to 5 hours. The cells were then harvested by centrifugatoon resuspended in 3 ^'^buffer (25 
mM TrUHCI (pH 7.5). 25 mM NaCI) and lysed by two passages through a French pressure cell. The lysate was 

S^^SeSSm However, supernatant fractions from cells infected with P RrT2000 , contained a 
SSSSSS»!1« « reacted with mono ciona. antibody B2F8 on ■ Ih. < Western M£1ta 
behaved the same way with monoConal antibody B2F8 on the Western blot as the 81 subunrtn-elated protein. 
rSld. encoded by pTXS11 [see. Locht. C. etaL, Infect. Immun., (1987). •supra.] 

Example 3 Fn^.t te activities of S1 subunit-related protein synthesized in E. coli infected by pRTCgO O Ol 
^e P supeSant fraction described In hxa mple 2 were assayed for the presence 
protein specific enzymatic activities. The level of these activities were compared to the activit es of raid wr ch 
SJ^^^uSted from E. coli cells containing pTXS11. In the nicotinamide adenine dinucleotide 

described in Locht '"feet- Immun., (1987), supra the release ^of 

from NAD catalyzed by such partially purified rsid was measured. 1 ug of such partially purified 
SSed Sie rateas ^ST200 pmoles'of nicoLrnlde after three hours of reaction at 30* in the ass»y 
conditions described in Locht et a I.. Infect. Immun. . (1987). supra. The supernatant fraction o TGI ceHs 

SZI Jm different from the background levels. 25 ul of the supernatant **^%g£W 
cells infected with pRIT20001. however, catalyzed the release of 300 pmoles nicotinamide from NAD after three 
Sours nSion nine same conditions. The substantial reduction of the enzymatic activity by the 
Sextant of pB?!iio01 infected E^coK cells is due to the presence of an inhibitor in the crude E^ol, cell 

M13mp18 infected TG1 cells to catalyze the Si-specific adenosine diphosphate (ADPJ-nbosylahor .of the 

Sdalton signal transducing GTP-binding protein Gi in CHO cell ™™ bran ^^^ 

assay is also described in Locht et al., Infect. Immun. , (1987), supra. When the partially purified rSd or pertuss.s 
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toxin was incubated in the presence of radiolabeled NAD and Chinese Hamster Ovary (CHO) cell m^branes 
in the conditions described in Locht et al., and the products of the reaction were analyzed by sodium dodecyl 
^ESSTsDWAQE) and autoradiography, specific labeling of the 41.000 dalton , Q, prote.n , wa s 
detected. No labeling of the Gl protein was seen when rS1d or pertussis toxin was gis buff ? r 

(25 mM Tris-HCI (pH7.5). 25 mM NaCI) or the supernatant fraction of Ecoli cells infected with M13mp18. In 
contrast, the supernatant fraction of cells infected with P RIT20001 (containing the protein > ^oded b V » 
truncated S1 subunit coding sequence) was able to catalyze the incorporation of radiolabeled ADP-ribose in 
the 41,000 dalton Gi protein. 

Ex ample 4. Chemical modification of residue Trp-2 6 in the S1 subunit-related protein encoded by pRIT20001 

The enzymatically active S1 relat ed protein encoded by P RIT20001 . and prepared according to Example 2. 
contains only a single Trp residue located at position 26 of the mature S1 protein, i.e.. 15 residues upstream 
from the cysteine residue at position 41. .-.».„- 

The S1 subunit-related protein prepared according to Example 2 was partially punfied and incubated with a 
1000-fold molar excess of 2-hydroxy-S-nitrobenzyl bromide (HNBB) dissolved in dry acetone. HNBB modifies 
tryptophan residues by derealization. The reaction was performed in a 0.1 M sodium acetate buffer (pH 4.0), 
containing 2M urea at 25« for 2 hours. The solution was then dialyzed against 0.1 M sodium phosphate (pH 4.0) 
for 15 hours at 4? . In parallel, the S1 subunit-related protein prepared according to Example 2 was treated the 
same way. except that HNBB was omitted in the reaction mixture. . ^ U iiiBR*»«t«i«BHHNflB 
20 The S1 subunit-related protein prepared according to Example 2 as well as punfled HNBB treated and HNBB 
untreated S1 subunit-related protein prepared as described above, hereinafter referred to as untreated SI 
sS related protein" 'HNBB treated 81 subunit-related protein" and "HNBB untreated 81 s"bunit-related 
protein", respectively, were then analyzed for their ability to catalyze NAD-glycohydrolysis anc ADP^yl- 
iransfer to Gl In CHO cell membranes using assay conditions as described in Locht e^L ln e *' m ™ n ; - 
(1987), supra. Untreated 81 subunit-related protein as well as HNBB untreated SI subuntt-related protein 
expressidNAr>glycohydrolase activity in a concentration-related fashion. Only marginal NA^^™*" 
activity could be detected when HNBB treated S1 subunit-related protein was "j^v^^.^^S! 
reduced to about 5<>/o when a smaller concentration, i.e., 1 ug, of the HNBB treated S1 subun t-related protein 
was assayed When 0.5 ug and 1.0 ug of untreated, HNBB treated and HNBB untreated S1 subunit-related 
pretein were assay" foMheir ADP-ribosyltransferase activity on the Gi protein in CHO cell membranes, only 
the untreated S1 subunit-related protein and the HNBB untreated 81 subunit related protein were found to 
express Gi-specific ADP-ribosylation activity at both concentrations. No Gi : ADP-nbosyltransferase activity 
could be detected at either concentration of HNBB treated S1 subunit-related protein. 

35 Example 5. Construction of a coding sequence of the Invention using site-directed mutagenesis 

Single stranded DNA of phage P RtT20 001 . prepared according to Example 1. was punfied ana sotted to 
ongZcleotide-driven site'-dlrected mutagenesis using the 

System" commercialized by Amersham International PLC. Amersham, United Kingdom, code RPN2322 under 
the conditions recommended by the supplier. The oligonucleotide used to spec-ficaliy delete theoodon TGG 

40 coding for the tryptophan residue at the 26th amino acid position of the rS1d gene i > PRIT20001 had the 
sequence 5' CGTTGTTTCCCGCCGTGAAT 3'. The oligonucleotide used to spec fically change > thecodon i TGG 
coding for the tryptophan residue at the 26th amino acid position of the S1 gene in P RrT20001 had the 

seauence 5' CGTTQTTTCCGGTCGCCGTGAAT 3' 

The mutant candidates were screened by differential hybridization with the mutagenic oligonucleotides by 

45 the technique of Wallace, In Suggs. Developmental Biology Using purified I Genes Ed D. Brow . N.Y., 
Academic press. The mutations were then verified by DNA sequencing by the technique of Sanger etaj_. 
(1977) supra. One candidate, named pRIT20002 and containing the Trp-26 deletion mutat.on, wa .cloned and 
urtherlSiirPzed for Its ability to express the Trp-26 modified SI gene as descnbed in Example 6. Wra. One 
candidate, named P RrT20008 and containing the Trp-26 to Thr substitution mutat.cn was c oned and further 

50 analyzed for its ability to express the Trp-26 modified S1-related gene as described in Example 6. infra. 

Example 6. Expression of aTro-26 modified rS1 d genes In E. coli a nd analysis of the enzymatic activities of 

^E'c^liTGfc ells were Infected with pRIT20002 or P RrT20008. both prepared as described in Example 5. and 
ex^reliion of the Trp-26 modified S1 subunit-related genes containing the deletion of the Trp-26 i codon TGG 
or rts substitution by codon ACC for Threonine was induced with IPTG as described In Example 2. CeHs were 
then harvested and lysed, the cell lysates fractionated by centrifugation. and the supernatant fractions 
analyzed for the presence of the mutated rS1d by Western blot and reaction with the ant.-S1 monoclonal 
antibody B2F8. all of the above methods carried out as described in Example 2 , nforfoli 
The results were compared to the results obtained in Example 2. The supernatant fractions o ce\\s 'njectea 
by pRIT20001, pRIT20002 or pRIT20008 contained a protein that reacted with monoclonal antibody ba-u on 
Western blots, whereas supernatant fractions of cells infected with M13mp18 did not contain such a protein. 
Furthermore, the B2F8-reactive proteins in the pRIT20001, pRIT20002 and pRIT20008 supernatants showed 
the same apparent molecular weight as the partially purified rS1d referred to In Example 3. Based I on visual 
inspection of the Western blots, pRIT20001 . pRIT20002 and pRfT20008 expressed roughly similar amounts of 
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their respective S1 subunit-related proteins. 

The DRIT20001 pRIT20002 and pRIT20008 supernatant fractions were compared for their level of 
NAD-alvcohydrolase and ADP-ribosyltransferase activities in the assay systems described in Example 3. 
Whereas 25 ul of the pRIT20001 supernatant fraction again catalyzed the release of 300 pmoles nicotinamide in 
a three hou? reaction, the pRIT20002 and pRIT20008 supernatant frac tions showed NAD-glycohydrolase 
activity levels similar to supernatant fractions from cells infected with M13mp18 i.e substantially no 
NAD-glycohydrolase activity. Similarly, although the pRIT20001 supernatant fraction was able to catalyze the 
ADP-ribosylation of the Gl protein, no such activity could be detected with the pRIT20002 supernatant fraction 
or with the pRIT20008 supernatant fraction. Thus, the S1 subunit related proteins encoded by pRIT20002 and 
pRIT20008 had substantially inactivated S1 subunit protein enzymatic activities. 

Example 7 Antloe nic structure of the S1 subunit-related protein encoded by pRIT20002 and pRIT20008 

The pRIT20002 and pRIT20 008 supernatant fractions, prepared as described In Example 6, were analyzed for 
their ability to react with monoclonal as well as polyclonal anti-pertussis toxin antisera by Western blots. 
Polyclonal antibodies to pertussis toxin, obtained from E. Simoen. SmlthKline-R.I.T.. s.a., Rixensart, Belgium, 15 
(SK-RIT) as well as several monoclonal anti-pertussis toxin antibodies, obtained from M. Francotte (SK-RIT), 
and J G Kenimer (Laboratory of Cellular Physiology. Food and Drug Administration, Bethesda. MD). were 
found'to react specifically with the pRIT20002 and pRIT20008 derived S1 subunit related proteins in the crude 
E coli ceil supernatants. Some of the reacting monoclonal antibodies had good toxin neutralizing and 
pTotic"tive activities in mouse challenge systems. This result indicates that at least some protective epitopes 20 
are still conserved in the pRIT20002 and pRIT20008 derived proteins, and that the protein has utility in a vaccine 
• against -whooping cough.. • . 

Example 8. Reconstruction of the complete pertussis toxin oparon contai ning aTrp-26 deletion in the S1 _ 

^a"^ kH^ba se pair (kbp) DNA fragment, obtained from T. Cabezon (SK-RIT), containing the complete 
pertussis toxin operon was inserted into pUC7 which had been previously digested with JcoRI. Such insertion 
was accomplished according to the method of Maniatis et al. supra. PUC7 is described by J. Vielra & J. 
Messing, Gene 19:259-268 (1982). n _,. x ^ ■. 

The res ulting rec ombinant plasmid was introduced into E^coli TG1 competent cells according to the method 30 
of Maniatis et al., supra. The transformed cells were cloned by the method of Maniatis etaL, supra and the 
clones analySd-byliitriGtion digests of their plasmlds by the method of Maniatis eta],, sypra. One p asmid 
named DRIT13070 and containing the entire pertussis toxin operon. was purified and then digested with Apcl 
according to the method of Maniatis supra. The resulting two fragments were separated by 

polyacrylamide gel electrophoresis (PAGE) and the larger one, was punfied and used in the next ligation step. 35 

The /eplicatlve form of pRIT20002 was purified and also digested with Accl. The resulting fragments were 
separated by PAGE and the 300 bp DNA fragment containing the Trp-26 deletion was purified. The 300 bp Accl 
fragment from pRIT200O2 was then ligated Into the large Accl fragment from pRrT13070 ^f^S *> 
method of Maniatis et al.. supra, and the resulting recombinant plasmid was introduced into E. coli TG1 
Tmolnt ^tSm^Mrtt* etaL. supra. After cloning, plasmid ££13071 containing , the entire « 
pertussis toxin operon was isolated by the method of Maniatis eta}., supra. pRIH3071 contains the dele ton of 
the Trp-26 codon in the S1 cistron, but is otherwise identical to pRIT13070. 

The Trp28 modified pertussis toxin operon contained by P RIT13070 can now be used to introduce the 
modification Into the B. pertussis genome by exchange of the resident wild type operon i***"™^ 
operon by homologous recombination. Alternatively, the modified operon can also be incorporated n a 45 
plasmid which is subsequently transformed into a Bordetella cell orW other appropriate host cell for 
expression of the protein encoded by the Trp-26 modified operon. 

Such modified Bordetella strains will then be used to the coding sequence of this invention and/or other 
protective antigens for example FHA and/or agglutinogens. These antigens will then be used as vaccines 
against whooping cough with appropriate adjuvants such as aluminum adjuvants. 

Example 9. Parent eral Vaccine preparation . , j,.,,.-. 

5-25 ua of the protein encoded by pRIT20002 or pRrT20008 (Example 6) is mixed with an aluminum adjuvant 
such as aluminum hydroxide, to produce a vaccine in a form appropriate for incorporation into a parenteral 
administration dosage form. . . 

It is appreciated that the invention is not limited to the particular embodiments described above in the 
Examples. All embodiments of the Invention, therefore, are believed to come within the scope of the following, 
claims. 

Example 10. Expression of the mutated pertussis toxin gene in Bordetella pertussis 

Plasmid pRIT13071, prepared according to the method of Example 8, was digested with restriction enzyme 
EcoRI. and the entire pertussis toxin operon containing the deletion of the Trp-26 codon in the 81 1 cistron was 
iiolated as a 4.7 kilobase pair (kbp) DNA fragment by the methods of Maniatis etaj.. supra. This 4.7 kbp DNA 
fragment was then inserted into the single EcoRI site of the low copy number plasmid pLAFRII tc .result in 
plasmid pRIT13268. Plasmid pLAFRII is equivalent to pLAFRI described by Friedman etaL, Gene, 18:289-296 
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(1982) and was provided by Dr. J.J. Mekalanos, Harvard Medical School, Cambridge, Massachusetts. U.S.A. 
The recombinant plasmids were transformed into Ecoli strain SM10 which was, provided by Dr. S. Stibrtz, U.S 
Food and Drug Administration, Bethesda, Maryland, U.S.A. pLAFRII carries a tetracyclin resistance gene and 
therefore SM10 transformants were selected on LB medium (Maniatis et_aL. supra.) containing 12.5 ug/ml 

5 tetracyclin (Maniatis et al., supra.). The tetracyclin resistant transformants were further analyzed by DNA 
sequencing (Sanger eTa UProoNatl. Acad. Scl. USA , (1977), supra) for the presence of the mutated pertussis 
toxin gene. The tetrSEvclin resistant SM10 clones containing the modified pertussis toxin gene were then 
conjugated with Bordetella pertussis strain SK39. Strain SK39 is described by Knapp. and Mekalanos, J. 
Bacteriol 170, 5059-5066 (1988) and was provided by Dr. JJ. Mekalanos, supra . The SK39 strain contains a f£ 

w TnSinsertiorTTn the S1 cistron of the pertussis toxin operon in the chromosome. Because of this interruption of 
the toxin gene, this strain does not synthesize pertussis toxin. Tetracyclin resistant B. pertussis SK39 
exconiugates were identified on BC agar (Difco Laboratories. Detroit. Michigan. U.S.A.) supplemented with 
250 ml of defibrinated sheep blood per liter (BG medium) and 20 ug/ml tetracyclin. The tetracyclin resistant 
clones were then grown in the modified Stainer-Scholte broth described by Kloos. eta}, in C.R. Mane ark and 

15 J C. Hill (eds.). International Symposium on Pertussis . U.S. Department of Health. Education, and Welfare, 
Washington D C, pp. 70-80 (1979). After growth, the cells were separated from the culture medium by 
centrifugation. Both the cells and the culture medium were then analyzed by Western Blot as described by 
• Locht et al., I nfect. Immun. (1987), supra, for the presence of pertussis toxin either as a cell associated form or 
free inlhe culture medium. The results indicate that B. pertussis strain SK39 containing the recombinant 

20 Dlasmid does synthesizepertussis toxin and that the toxin is released in the culture supernatant .^though . . . 

significant amounts of pertussis toxin can be found in a cell-associated form, apertussis strain SK39 without 
the recombinant plasmid did not contain detectable amounts of pertussis toxin in either the culture medium or 
associated to the bacterial cells. It should also be noted that the B. pertussis strain SK39 containing the 
recombinant plasmid is useful In a whole cell vaccine. Such vaccine Is prepared according to conventional 

25 ^UsJn^the methods of Examples 8 and 10. but using P RrT20008 instead of pRIT20uO2. plasmid pRIT13269 
was created. pRIT13269 contains the complete pertussis toxin coding sequence but threonine (Thr) is 
substituted for the tryptophan mutation at amino acid position 26 in the S1 coding sequence. 

30 Example 11. Biological activity of the mu tated pertussis toxin ., „ 

Purified pertussis toxin, purc hased from List Biologlcals, Campbell. California. U.S.A.. as well as culture 
supernatants from toxin synthesizing B. pertussis strain Tohama I induce monohologlcal changes in Chinese 
Ho^ot 0 r n u „ry (cur,) as described bv Hewlett et at.. Infect. Immun. . 40:1198-1203 (1983). On the : other 
hand, the culture supernatant of B. pertussis strain SK39 containing the recombinant plasmid with the 

35 modified pertussis toxin gene induced no detectable morphological changes in the CHO cells indicating that 
the deletion of the Trp-26 codon in the S1 subunit cistron of the pertussis toxin gene drastically reduced the 
biological activity of pertussis toxin. When the activity of the mutant toxin was compared on a more quantitative 
basis, the mutant appeared at least 500 fold less toxic in this CHO cell assay. 

40 Example 12. Construction of a B. pertussis strain in which the pertus sis toxin operon Is deleted ■ 
To express an entire or truncate d B. pertussis toxin S1 subunit amino acid coding sequence which contains 
a modification of the tryptophan residue at amino acid position 28, It Is preferable to use a B. pertussis 
recipient strain In which the chromosomal toxin gene is deleted, rather than Inactivated by point or insertion 
mutations. Inactivation of the gene through point or insertion mutations does not eliminate DNA sequences 

45 that have the potential of recombinlng In vivo with the DNA coding for the mutated pertussis toxin on a 
autonomously replicating plasmid. On the other hand, in a pertussis toxin gene deletion mutant, no such 
recombination can occur. Therefore, the pertussis toxin coding sequences of B. pertussis Tohama I strain, 
were deleted in the following way. First, the B. pertussis Tohama I strain was plated on BG medium supra 
containing 400 ug/ml streptomycin. Streptomycin resistant strains were then plated on BG medium (supra) 

so containing 50 ug/ml nalidixic acid. The B. pertussis Tohama I streptomycin and nalidixic resistant strains were 
used for the conjugation experiments. 

Plasmid pTOX9, described by Black and Falkow, Infect. Immun. , 55:2465-2470 (1987), and provided by Dr. 
W.J. Black. Stanford University Medical School. Stanford. California, U.S.A.. contains the pertussis toxin gene 
on an approximately 10 kbp B. pertussis DNA fragment. pTOX9 was digested with Kpnl and Bglll restriction 

55 enzymes and then with Bal31 exonuclease. After ligation, the deleted pertussis toxin gene was isolated on an 
approximately 7 kbp ClaFCIal DNA fragment from the Ba}31 treated pTOX9. All the methods used for the 
treatment of pTOX9 aredescribed by Maniatis et_al. (1982). supra. The 7 kbp DNA fragment was then inserted 
into the unique Hindlll site of plasmid pSORTPI , a derivative of pRTP1 containing a gentamycin-resistent gene 
described by Stlbite. et al., Gene. 50:133-140 (1986). which was provided by Dr. S. Stlbitz, supra. The 

60 recombinant plasmid Waslransformed into E. coli strain SM10 ( supra) and analyzed by DNA sequencing to 
identify the deletion mutation. E. coli SM10 containing the recombinant plasmid with the desired deletion was 
then conjugated to the streptomycin, nalidixic acid resistant B. pertussis strain Tohama I. The exconiugates 
containing the recombinant plasmid inserted into the chromosome were Identified by their resistance to 
gentamicin and their sensitivity to streptomycin on BG agar plates ( supra ). Plasmid pSORTPI contains the 

65 gene for resistance to gentamicin and the gene for the dominant sensitivity to streptomycin, and is not able to 
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autonomously replicate in B. pertussis . Therefore, gentamicin resistant, streptomycin sensitive B. pertussis 
strains can only be generated if the recombinant plasmid is inserted in the chromosome by homologous 
recombination. Such homologous recombination possibly involves the toxin gene flanking regions in the 
chromosome and the recombinant plasmid. The gentamicin resistant clones were then plated onto BG plates 
containing 400 ug/ml streptomycin (supra) to select for streptomycin resistant B. pertussis revertants. Some 
of these revertants appeared because of a second homologous recombination between the chromosome and 
the inserted plasmid. The resulting streptomycin resistance, strains were analyzed for the loss of gentamicin 
resistant These clones were then analyzed by Southern blot hybridization, as described by Maniatis et_al. 
(1982), supra, for the loss of the pertussis toxin gene in the chromosome. The resulting B. pertussis strain 
(hereinafter referred to as "BPRA") is then used for the introduction of plasmids containing the mutated 
pertussis toxin genes, such as the pLAFRII-derived plasmids described in Example 10 such as pRIT13268. 
After such plasmids are introduced, the resulting B. pertussis strain BPRA(pRIT13268) is used to produce 
mutated pertussis toxin. Alternatively, after such plasmids are introduced, the resulting B. pertussis strain is 
useful in a whole cell vaccine. Such whole cell vaccine Is prepared according to conventional techniques well 
known In the art. 

Example 13. Expression in Bordetella pertussis of pertussis toxin genes containing single or double mutations 
BPRA. the Bordetella pertussis strain in which the pertussis toxin structural gene was deleted, prepared as 
described in Example 12, was used as a recipient strain for plasmids derived from pLAFRII. Plasmid pLAFRII is 
described in Example 10. The pLAFRII-derived plasmids contained the pertussis toxin gene with either single 
or double mutations. The single mutants contained either a deletion or substitution of Trp-26, or a deletion or 
substitution of Glu-129 (i.e., the glutamic acid residue at amino acid position 129 in the S1 subunit of the 
pertussis toxin coding sequence). It is interesting to note that SSudggJ-ias been previously shown to also be - 
involved in enzymatic activities of pertussis toxin [See. Pizza etjL. Proc. Natl. Acad. Sci. USA :B5 f 7521-7525 
(1988)] The double mutant pLAFRII-derived plasmids contain the deletion of Trp-26 and either the deletion of 
Glu-129 (plasmid pRrT13270) or the substitution of Glu-129 by aspartic acid (Asp) (plasmid pRIT13271). The 
genetic manipulations were carried out using classical subcloning techniques as described by Maniatis etal. 
(1982) supra Site-directed mutagenesis was performed using the "Oligonucleotide-directed in vitro 
mutagenesissystem n commercialized by Amersham International pic, Amersham United Kingdom, code 
RPN2322. as described for the Trp-26 mutation exemplified in Example 5. After mutagenesis, all mutants were 
completely sequenced using the DNA sequencing technique described by Sanger etal.. Proc. Natl. Acad. Scj. 
USA (1977) supra . The pLAFRII-derived plasmids containing the pertussis toxin gene with the different 
mutations weretrahsformed into E. coli strain SM10, and then were conjugated into the recipient B. pertussis 
strain by the procedure describedlnExample 10. with the exception that the B. pertussis recipient strain in this 
case is BPRA, the strain in which the chromosomal pertussis toxin structural gene has been deleted as 
described In Example 12. The B. pertussis exconjugants were analyzed by Western blot, as descnbed in 
Example 10. for the presence of pertussis toxin. 

The mutant toxins were then compared to purified pertussis toxin (purchased from List Biological 
Laboratories, Campbell. California), to the wild type pertussis toxin in the supernatant fraction ofB. pertussis 
Tohama I (supra), and to the supernatant fraction of the strain of B. pertussis in which the chromosomal toxin 
gene was deleted. Such comparison was based on the biological activities on CHO cells as descnbed in 
Example 11 It was observed that 3 ng of purified pertussis toxin caused a significant cytotoxic clustering of 
the CHO cells. These morphological changes were also observed when the culture supernatant of B. pertussis 
Tohama I was assayed. In contrast, all the mutant toxins In the form of culture supernatant induced only 
background CHO cell cytotoxicity. On a quantitative basis, all the mutant toxins were estimated to be at least 
500 fold less toxic than the wild type pertussis toxin. ftfl ^:«_ tt ™ c 
The above description fully discloses the invention including preferred embodiments thereof. Modifications 
and improvements of the embodiments specifically disclosed herein are Within the scope of the following 
claims. 



Claims 

1 A Bord etella pertussis toxin coding sequence containing an entire or truncated B. pertussis toxin S1 
subunit amino acid coding sequence provided that (a) the S1 subunit coding sequence contains a 
modification of the tryptophan residue at amino acid position 26 (hereinafter "Trp-26"), and (b) the Trp-26 
modification results In substantially inactivated S1 enzymatic activity in the protein encoded by the B. 
pertussis toxin coding sequence but such protein has retained the capacity to be recognized by 
anti-pertussis toxin antibodies. 

2. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence compnses the 
entire B ordetella pertussis toxin operon amino acid coding sequence. 

3. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence comprises a 
truncated Bordetella pertussis toxin operon. 

4. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence comprises only the 
S1 subunit amino acid coding sequence. 
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5. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence comprises only a 
truncated portion of the S1 subunit amino acid coding sequence. 

6. The B. pertussis toxin coding sequence of Claim 5 wherein said coding sequence comprises only 
amino acids 2 through 187 of the S1 subunit amino acid coding sequence. 

7. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence additionally 
comprises at least one other coding sequence. 

8. The B. pertussis toxin coding sequence of Claim 7 which has the following coding sequence: 

ATG ACC ATG ATT ACG AAT TCG AGC TCG GTA CCC GGG GAT 
(Met) Thr Met He Thr Asn Ser Ser Ser Val Pro Gly Asp 
beta-galactosidase polylinker 2 

SI 



CCT. CCC GCC ACC GTA GTA GCG TCG ATC CTC TAG 

20 p. r o Pro Ma Thr Val Val Ala Ser He teu Stop 

3 4 5 6 7 184 185 186 187 pplylinker 

SI 

25 

9. The B. pertussis toxin coding sequence of Claim 1 wherein said coding sequence additionally 
comprises a modification of an additional amino acid residue in the St subunit coding sequence, provided 
that the protein encoded by the B. pertussis toxin coding sequence retains the capacity to be recognized 
by anti-pertussis toxin antibodies. 

30 10 The B pertussis toxin coding sequence of Claim 9 wherein the additional modification occurs at the 

glutamic acid residue at amino acid position 129 of the S1 subunit coding sequence (Glu-129); the 
hlstidine residue at amino acid position 35 of the S1 subunit coding sequence (His-35); the argmme 
residue at amino acid position 9 of the S1 subunit coding sequence (Arg-9) or the serine residue at amino 
acid position 40 of the St subunit coding sequence (Ser-40) . 

35 11. The B. pertussis toxin coding sequence of Claim 10 wherein the additional modification occurs at the 

glutamic acid residue at amino acid position 1 29. # 

12. A recombinant DNA molecule comprising the Bordetella pertussis toxin coding sequence of Claim 1, 

2,3,4,5,6,7,8,9, 10or11. _ . 40 t 

13. A recombinant DNA plasmid comprising the recombinant DNA molecule of Claim 12 in operative 
40 association with suitable expression control sequences. 

14. The recombinant DNA plasmid of Claim 13 which is pRIT20002. 

15. The recombinant DNA plasmid of Claim 13 which is pRIT20008. 

16. The recombinant DNA plasmid of Claim 13 which is pRIT13070. 

17. The recombinant DNA plasmid of Claim 13 which Is pRIT13268. 
45 18. The recombinant DNA plasmid of Claim 13 which is pRIT13269. 

19. The recombinant DNA plasmid of Claim 13 which is pRIT13270. 

20. The recombinant DNA plasmid of Claim 13 which Is pRIT13271. 

21 . A host cell transformed with the plasmid of Claim 13. 

22. The host cell of Claim 21 which is BPRA. 

50 23. Protein encoded by the coding sequence of Claim 1 , 2, 3, 4, 5, 6, 7, 8, 9, 10 or 1 1 . 

24. A vaccine for stimulating protection against whooping cough wherein such vaccine comprises an 
immunoprotective and non-toxic quantity of the protein encoded by the coding sequence of Claim 1 . 

25. A method for innoculating a human against subsequent whooping cough which comprises 
administering the vaccine of Claim 24 to such human. 

55 26. A process for producing a transformed host cell which comprises transforming a desired host cell 

with the recombinant DNA plasmid containing the coding sequence of Claim 1 . 

27 A process for producing the protein encoded by a Bordetella pertussis toxin amino acid coding 
sequence containing an entire or truncated B. pertussis toxin S1 subunit amino acid coding sequence 
provided that (a) the S1 subunit coding sequence contains a modification of the tryptophan residue at 

60 amino acid position 26 (hereinafter "Trp-26"), and (b) the Trp-26 modification results in substantially 

inactivated S1 enzymatic activity in the protein encoded by the B. pertussis toxin operon amino acid 
coding sequence but such protein has retained the capacity to be recognized by anti-pertussis toxin 
antibodies, wherein such process comprises culturing a host cell transformed with a recombinant DNA 
plasmid comprising the recombinant DNA coding sequence of Claim 1 in suitable culture medium and 

65 isolating the protein so produced. 
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28. Protein produced by the process of Claim 27. 

29. A vaccine for stimulating protection against whooping cough wherein such vaccine comprises an 
immunoprotectlve and non-toxic quantity of the protein of Claim 28. 

30. A method for innoculating a human against subsequent whooping cough which comprises 
administering the vaccine of Claim 29 to such human. 

31 A process for producing the protein encoded by a Bordetella pertussis toxin amino acid coding 
sequence containing an entire or truncated B. pertussis toxin S1 subunit amino acid coding sequence 
provided that (a) the S1 subunit coding sequence contains a modification of the tryptophan residue at 
amino acid position 26 (hereinafter "Trp-26"), and (b) the Trp-26 modification results in substant.ally 
inactivated S1 enzymatic activity in the protein encoded by the B. pertussis toxin operon amino acid 10 
coding sequence but such protein has retained the capacity to be recognized by anti-pertussis toxin 
antibodies, wherein such process comprises (i) treating a Bordetella pertussis toxin amino acid coding 
sequence prepared by isolation from native B. pertussis DNA or by synthetic or recombinant DNA 
techniques, containing an entire or truncated B. pertussis toxin S1 subunit amino acid coding sequence, 
provided that the S1 subunit coding sequence does not already contain a modification of the tryptophan 15 
residue at amino acid position 26, with site-directed mutagenesis, a tryptophan modifying chemicsJ 
reagent or photooxldation to produce a modification or deletion of the tryptophan residue at ammo acid 
position 26, and transforming a desired host cell with a plasmid containing such resulting coding 
sequence and culturing such host in suitable culture medium and isolating the protein so produced, (ii) 
substituting or deleting the tryptophan residue at position 26 of the S1 subunit of a Bordetella pertussis 20 
toxin amino acid coding sequence, prepared by Isolation from native B. pertussis DNA or by synthetic or 
- recombinant DNA techniques, containing an entire or tmncated Bjpertus&s toxin S1 subunit amino acid : 
ccxSng sequence with another amino acid, and transforming a desired host cell with a plasmid containing , 
such resulting coding sequence and culturing such host in suitable culture medium and Isolating the ^ 
protein so produced, or (iii) preparing such coding sequence by synthetic methods and transforming a 25 
desired host cell with a plasmid containing such resulting coding sequence and culturing such host in s 
suitable culture medium and isolating the protein so produced. 

32. Protein produced by the process of Claim 31. 

33. A vaccine for stimulating protection against whooping cough wherein such vaccine compnses an 
immunoprotective and non-toxic quantity of the protein of Claim 32. 

34. A method for innoculating a human against subsequent whooping cough which comprises 
administering the vaccine of Claim 33 to such human. 

35. A B. pertussis strain which contains an inactivated chromosomal pertussis toxin gene and which 
additionally comprises the coding sequence of Claim 1 . . _™ 0 * c an 

36. A vaccine for stimulating protection against whooping cough wherein such vaccine compnses an 
immunoprotective and non-toxic quantity of the strain of Claim 35. 

37. A method for innoculating a human against subsequent whooping cough which comprises 
administering the vaccine of Claim 36 to such human. 
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